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Abstract 21 
The aim of this study was to assess the environmental impact of three alternatives for 22 
wastewater treatment in small communities. To this end, a Life Cycle Assessment 23 
(LCA) was carried out comparing a conventional wastewater treatment plant (i.e. 24 
activated sludge system) with two nature-based technologies (i.e. hybrid constructed 25 
wetland and high rate algal pond systems). Moreover, an economic evaluation was also 26 
addressed. All systems served a population equivalent of 1,500 p.e. The functional unit 27 
was 1 m3 of water. System boundaries comprised input and output flows of material and 28 
energy resources for system construction and operation. The LCA was performed with 29 
the software SimaPro® 8, using the ReCiPe midpoint method. The results showed that 30 
the nature-based solutions were the most environmentally friendly alternatives, while 31 
the conventional wastewater treatment plant presented the worst results due to the high 32 
electricity and chemicals consumption. Specifically, the potential environmental impact 33 
of the conventional wastewater treatment plant was between 2 and 5 times higher than 34 
that generated by the nature-based systems depending on the impact category. Even 35 
though constructed wetland and high rate algal pond systems presented similar results in 36 
terms of environmental impact, the latter showed to be the less expensive alternative. 37 
Nevertheless, the constructed wetland system should be preferred when land occupation 38 
is of major concern, since it has a smaller footprint compared to the high rate algal pond 39 
alternative. 40 
 41 
Keywords: Constructed wetlands; Environmental impact assessment; Decentralized 42 
wastewater treatment system; High rate algal ponds; Nature-based technology; 43 
Wastewater treatment 44 
 45 
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1. Introduction 47 
Lack of wastewater treatment is one of the major global concerns. Poorly managed 48 
wastewater may lead to hazard for human health and the environment. Despite 49 
continued efforts have been made to promote the implementation of wastewater 50 
treatment systems, around 2,500 million people in the world are still without access to 51 
improved sanitation (WHO and UN-Water, 2014). The lack of adequate wastewater 52 
treatment is commonly much higher in rural and small communities (<10,000 p.e.) 53 
(WHO and UN-Water, 2014). Small agglomerations are generally characterized by 54 
limited financial resources, low level of technical expertise and limited access to 55 
existing advanced technologies. 56 
Traditional sanitation strategies consisted of the implementation of sewer 57 
collection systems and conventional centralized wastewater treatment plants. 58 
Conventional wastewater treatment comprises a combination of physical, chemical, and 59 
biological processes and operations to remove solids, organic matter and nutrients from 60 
wastewater. The most common configuration includes a primary treatment followed by 61 
an activated sludge system. The latter consists of an aeration tank and a secondary 62 
settling tank. These systems are costly to build and operate, require skilled personnel for 63 
operation and maintenance and high energy consumption (EC, 2001; Massoud et al., 64 
2009).  65 
During the last decades, natural technologies (also known as nature-based 66 
technologies) for wastewater treatment have been gaining interest since they are an 67 
attractive alternative to conventional treatment systems in small communities 68 
(Rozkošný et al., 2014; Yildirim and Topkaya, 2012). Natural treatment technologies 69 
use modified natural self-treatment processes that take place in the ground soil, water 70 
and wetland environment (Rozkošný et al., 2014). Hence, they are characterized by low 71 
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energy consumption, simple operation and lower capital and operating costs compared 72 
to conventional systems (EC, 2001; Rozkošný et al., 2014). 73 
Among all nature-based technologies for wastewater treatment, constructed 74 
wetlands are one of the most common types. They are constructed filtration systems 75 
with defined filter material (e.g. gravel and sand) and planted with wetland vegetation 76 
(e.g. common reed). In these systems, wastewater flows through the filter material and 77 
the treatment is carried out by chemical, physical and biological processes (Rozkošný et 78 
al., 2014). The presence of vegetation improves the treatment efficiency, producing an 79 
effluent suitable for various reuse applications (e.g. irrigation of non-alimentary crops) 80 
(Ávila et al., 2013; Pedescoll et al., 2013). At present, there are several thousand of 81 
operating constructed wetlands worldwide, since they are an appropriate technology to 82 
treat both municipal and industrial wastewater in many regions with different climate 83 
(France, 2010; Garfí et al., 2012; Vymazal, 2005, 2014; Zang et al., 2015). 84 
In the recent years, high rate algal ponds for wastewater treatment have been 85 
gaining popularity. These natural systems, are shallow, paddlewheel mixed, raceway 86 
ponds where treatment is carried out by a consortium of microalgae and bacteria which 87 
assimilate nutrients and degrade organic matter (Craggs et al., 2014; Park et al., 2011). 88 
As oxygen is provided by microalgae, aeration is not required and energy consumption 89 
is much lower compared to that of a conventional wastewater treatment plant.  90 
Nowadays, high rate algal ponds are considered a promising solution to shift the 91 
paradigm from wastewater treatment to resources recovery. Indeed, microalgae grown 92 
in high rate algal ponds can be harvested and reused to produce biofuels (Craggs et al., 93 
2014; Montingelli et al., 2015; Uggetti et al., 2017). 94 
Even though wastewater treatment plants reduce the environmental impact 95 
caused by untreated sewage discharged into water bodies, they have an impact on the 96 
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environment themselves, by consuming natural resources for construction and operation 97 
(Lopsik, 2013). Therefore, not only technical and economic aspects but also 98 
environmental criteria must be taken into account for the selection of the most 99 
appropriate technology (Molinos-Senantes et al., 2014). 100 
To date, only a limited number of studies compared the environmental impact of 101 
nature-based (e.g. constructed wetlands, slow rate infiltration) and conventional (i.e. 102 
activated sludge process) technologies for wastewater treatment in small communities. 103 
They pointed out that nature-based technologies are the most environmentally friendly 104 
wastewater treatment option (Dixon et al., 2013; Fuchs, et al., 2011; Machado et al., 105 
2007; Yildirim et al., 2012). Nevertheless, studies which include the high rate algal 106 
ponds among the possible solutions for wastewater treatment in small communities are 107 
still missing. 108 
The aim of this paper was to assess the environmental impacts associated with 109 
natural and conventional technologies for wastewater treatment in small 110 
agglomerations. To this end, a Life Cycle Assessment (LCA) comparing activated 111 
sludge, constructed wetland and high rate algal pond systems was carried out. 112 
Moreover, an economic evaluation was also addressed. 113 
 114 
2. Materials and methods 115 
2.1 Wastewater treatment systems description 116 
The activated sludge system (hereinafter referred as “conventional wastewater treatment 117 
plant”), located in Catalonia (Spain), serves a population equivalent of 1,500 p.e. and 118 
the flow rate is 292.5 m3 d-1. After a pre-treatment, wastewater is treated in an activated 119 
sludge reactor with extended aeration followed by a secondary settler. From this unit, 120 
treated water is disinfected and reused for irrigation. The sludge is conditioned, 121 
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thickened, and further dewatered on-site using a centrifuge. In this system, the overall 122 
biological oxygen demand (BOD5) and total suspended solids (TSS) removal rate was 123 
around 93-98% for both parameters (inlet BOD5 and TSS concentration of 240 and 280 124 
mg L-1, respectively). 125 
Constructed wetland and high rate algal pond systems were hypothetical 126 
wastewater treatment plants designed by an engineering company to serve the same 127 
population equivalent and treat the same influent and wastewater flow rate as the 128 
conventional wastewater treatment plant. The detailed engineering design of both 129 
systems was carried out in order to obtain an effluent quality suitable for reuse and 130 
irrigation of non-alimentary crops according to Spanish regulations (i.e. TSS< 35 mg L-131 
1
, E.coli < 1000 CFU/100mL) (BOE, 2007) as for the conventional wastewater 132 
treatment plant. 133 
The constructed wetland system consisted of a primary treatment (i.e. three-134 
chamber septic tank), two vertical flow constructed wetlands operating alternatively, 135 
and a horizontal subsurface flow constructed wetland planted with Phragmites australis. 136 
The wastewater treatment plant design was based on literature (García and Corzo, 2008) 137 
and on previous studies carried out in an experimental system located at the Universitat 138 
Politècnica de Catalunya-BarcelonaTech (UPC) (Barcelona, Spain). These studies 139 
suggested that hybrid constructed wetland systems (i.e. a combination of vertical and 140 
horizontal flow constructed wetlands) were an adequate solution for wastewater 141 
treatment and reuse in small agglomerations of the Mediterranean region (Ávila et al., 142 
2013, 2016). Indeed, these systems achieved very high values of removal of solids and 143 
organic matter (e.g. around 90-93% and 96-97% for BOD5 and TSS, respectively) 144 
(Ávila et al., 2013, 2016). 145 
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With regard to the high rate algal pond system, the design parameters were 146 
calculated according to Craggs et al. (2014) and considering the experimental results 147 
obtained in previous studies carried out in another experimental system located at the 148 
Universitat Politècnica de Catalunya-BarcelonaTech (UPC) (García et al., 2006; 149 
Gutiérrez, 2016). These studies showed that in the Mediterranean climate zones HRAP 150 
systems can produce a final effluent suitable for various reuse applications (e.g. effluent 151 
TSS concentration < 35 mg L-1) if a proper design, operation and harvesting method are 152 
considered (Gutiérrez, 2016, Craggs et al., 2014). The system considered in this study 153 
comprised a three-chamber septic tank, followed by two high rate algal ponds working 154 
in parallel. From these units, the wastewater goes through a settler, where algal biomass 155 
is harvested and water is clarified. 156 
In both constructed wetland and high rate algal pond systems, primary sludge is 157 
thickened and dewatered on-site, while treated water is disinfected and reused for 158 
irrigation, as for the conventional wastewater treatment plant. The specific area 159 
requirement was 0.6, 3.5 and 6 m2 p.e.-1 for the conventional wastewater treatment 160 
plant, constructed wetland and high rate algal pond systems, respectively. 161 
The flow diagrams of the treatment alternatives are shown in Figure 1. Table 1 162 
and 2 show the characteristics and design parameters of the constructed wetland and the 163 
high rate algal pond systems. 164 
  165 
Please insert Figure 1 166 
Please insert Table 1 167 
Please insert Table 2 168 
 169 
2.2 Life Cycle Assessment 170 
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LCA is a comprehensive, systematic and standardized procedure for estimating the 171 
potential environmental impacts of a product, process or activity using a cradle to grave 172 
approach (ISO, 2000; ISO, 2006). LCA is used for choosing between technologies, 173 
products or processes, with a similar performance by accounting for the impacts caused 174 
by each alternative over its life cycle. It can be also applied to identifying which life 175 
stage brings the most significant environmental impacts and establishing baselines for 176 
improvement in further research. The environmental impacts are evaluated by 177 
identifying and quantifying energy and materials used and wastes released to the 178 
environment through the entire life cycle. LCA consists of four main stages: i) goal and 179 
scope definition, ii) inventory analysis, iii) impacts assessment and iv) interpretation of 180 
the results (ISO, 2006). The following sections describe the specific content of each 181 
step. 182 
 183 
2.2.1 Goal and scope definition  184 
The goal of this study is to compare the potential environmental impacts associated with 185 
three alternatives for wastewater treatment for small communities: 186 
a) activated sludge system with extended aeration (hereinafter referred as 187 
“conventional wastewater treatment plant”) (AS); 188 
b) constructed wetland system (CW); 189 
c) high rate algal pond system (HRAP). 190 
As mentioned above, the main function of the systems considered is to treat wastewater 191 
and they were designed in order to treat the same influent and wastewater flow rate. For 192 
these reasons, the functional unit is 1 m3 of treated water.  193 
System boundaries comprised input and output flows of material and energy 194 
resources for the construction and operation of these systems over a 20-year period 195 
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(Garcia and Corzo, 2008, Yildirim and Topkaya, 2012). Demolition and dismantling 196 
phases were not considered since the impact would be marginal compared to the overall 197 
impact (Lopsik, 2013; Machado et al., 2007). Direct greenhouse gas (GHG) emissions 198 
were considered for all scenarios, since they generally have a large impact on climate 199 
change impact categories (Fuchs, et al., 2011; Lorenzo-Toja et al., 2016). In all 200 
scenarios, inputs and outputs associated with sludge disposal (i.e. incineration) were 201 
taken into account. Regarding sludge transportation to incineration facility, an average 202 
distance of 30 km was adopted, based on circumstances generally observed in our zone. 203 
Downstream processes including treated water and algal biomass reuse were not 204 
considered. Indeed, in wastewater treatment systems sized at less than 2,000 p.e. energy 205 
and nutrients recovery from biomass and sludge (e.g. through anaerobic digestion) is 206 
usually not implemented (EC, 2001, Gallego et al., 2008). Transportation of 207 
construction materials was not accounted for, since it is mainly used during construction 208 
work and its contribution only represents a minor fraction of the overall impact when 209 
materials are produced locally (Fuchs et al., 2011; Lopsik, 2013). 210 
 211 
2.2.2 Inventory analysis 212 
Inventory data on systems construction and operation referred to the functional unit (1 213 
m3 of water) are shown in Table 3 for each scenario.  214 
In the case of the AS scenario, inventory data was provided by the 215 
environmental engineering company that designed and implemented the system. With 216 
regards to CW and HRAP scenarios, inventory data were based on the detailed 217 
engineering designs performed in the frame of this study. 218 
In the case of the AS, direct GHG emissions were estimated considering the 219 
emissions rates obtained in a previous LCA of a similar wastewater treatment plant 220 
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located in Catalonia (Spain) (i.e. 0.17 gCO2 mwater-3 and 0.11 gN2O mwater-3, Table 3) 221 
(Lavola, 2015). Regarding the CW scenario, GHG emission rates proposed by Corbella 222 
and Puigagut (2015), Mander et al. (2008) and Fuchs et al. (2011) were considered (i.e. 223 
992 gCO2 mwater-3, 10.9 gCH4 mwater-3, 0.017 gN2O mwater-3, Table 3). These studies 224 
estimated the direct GHG emissions of constructed wetland systems with similar 225 
characteristics (e.g. type of water, configuration) to the scenario considered in this 226 
study. 227 
In the HRAP scenario, NH4+ volatilization was estimated through Nitrogen mass 228 
balance. To this end, outlet Nitrogen concentrations have been estimated considering 229 
removal efficiencies and experimental results obtained in a pilot plant of high rate algal 230 
ponds implemented at the Universitat Politècnica de Catalunya-BarcelonaTech (UPC) 231 
(García et al., 2000; Gutiérrez , 2016). 232 
Background data (i.e. data of materials, chemicals and electricity production, 233 
sludge transportation and incineration process) were obtained from the Ecoinvent 3.1 234 
database (Moreno-Ruiz et al., 2014; Weidema et al., 2013). For all electricity 235 
requirements the Spanish electricity mix was used (Red Eléctrica Española, 2016). It is 236 
as follows: nuclear 22%; coal 14%; wind 19%; hydro 16%; fuels 11%; cogeneration 237 
10%; solar photovoltaic and  thermoelectric 5%; other renewables 1% and waste 1%. 238 
 239 
Please insert Table 3 240 
 241 
2.2.3 Impact assessment 242 
Potential environmental impacts were calculated using the software SimaPro® 8 (Pre-243 
sustainability, 2014) and the ReCipe midpoint method (hierarchist approach) 244 
(Goedkoop et al., 2009). This analytical tool is in accordance with ISO 14040 standards 245 
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(ISO, 2000). Considering the most pressing environmental issues in our zone, the 246 
following impact categories were assessed: Metal Depletion, Fossil Depletion, Climate 247 
Change, Ozone Depletion, Terrestrial Acidification, Freshwater Eutrophication and 248 
Marine Eutrophication. In the present study only the mandatory phases of impacts 249 
assessment (classification and characterisation) defined by the ISO standard (ISO, 2006) 250 
were conducted. 251 
 252 
2.3 Sensitivity analysis 253 
A sensitivity analysis was performed by modifying the most relevant assumptions of the 254 
wastewater treatment alternatives to evaluate how the uncertainty on inventory data may 255 
influence the results. Hence, the following parameters were considered: N2O emissions 256 
in the AS and CW scenarios; CH4 emissions in the CW scenario, and NH3 emissions in 257 
the HRAP scenario. CO2 direct emissions were not included in the sensitivity analysis, 258 
since CO2 from biogenic sources does not contribute to Climate Change Potential 259 
(Doorn et al., 2006). It has to be mentioned that N2O and CH4 direct emissions in AS 260 
and CW scenarios only affect the Climate Change Potential; on the other hands NH3 261 
emissions in HRAP scenario only influence Terrestrial Acidification and Marine 262 
Eutrophication Potentials. A variation of ± 10% was considered for all parameters and 263 
the sensitivity coefficient was calculated using Eq. (1) (Dixon et al., 2003): 264 
 265 
 266 
where Input is the value of the input variable (i.e. N2O, CH4 and NH3 emissions) and 267 
Output is the value of the environmental indicator (i.e. Climate Change, Terrestrial 268 
Acidification and Marine Eutrophication Potentials). 269 
 270 
Sensitivity Coefficient (S) = 
(Outputhigh – Outputlow)/Outputdefault 
(Inputhigh – Inputlow)/Inputdefault 
(1) 
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2.4 Economic assessment 271 
 The economic assessment was carried out comparing the capital cost and the operation 272 
and maintenance cost of each wastewater treatment alternative. In all scenarios, data 273 
were gathered from the detailed engineering design and prices were provided by local 274 
companies. The capital cost included the cost for earthmoving, construction materials 275 
purchase and electrical works. The operation and maintenance cost comprised costs 276 
associated to labour, electricity, purchase of chemicals (i.e. consumables), sludge 277 
disposal, and ordinary and extraordinary maintenance (e.g. equipment replacement). For 278 
all scenarios, a lifespan of 20 years was considered.  279 
 280 
3. Results and discussion 281 
3.1 Life Cycle Assessment 282 
Figure 2 depicts the potential environmental impacts associated with each wastewater 283 
treatment alternative. 284 
 The conventional wastewater treatment plant (scenario AS) dominated in all 285 
impact categories analysed, while the constructed wetland and the high rate algal pond 286 
systems (scenarios CW and HRAP, respectively) showed a similar environmental 287 
performance. In fact, the environmental impacts of the conventional wastewater 288 
treatment plant (scenario AS) were between 2 and 5 times higher than those of the 289 
nature-based technologies (scenarios CW and HRAP) for the considered impact 290 
categories. This was mainly due to the high electricity and chemicals consumption for 291 
the operation of the conventional wastewater treatment plant (Table 3). Similar results 292 
were obtained by previous studies which compared the potential environmental impacts 293 
of activated sludge and constructed wetland systems (Dixon et al., 2003; Machado et al., 294 
2007; Yildirim et al., 2012).  295 
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In the case of the AS scenario, the major impact was due to the operation phase 296 
(from 85 to 97% of the total impact in all indicators), while the construction phase 297 
accounted for less than 12% of the total impact in all indicators. Previous studies 298 
showed that, in all considered impact categories the operation phase contribution to the 299 
overall impact ranged between 30 and 95% depending on the size of the conventional 300 
wastewater treatment plant (from 500 to 680,000 p.e.) (Gallego et al., 2008; Lopsik, 301 
2013; Lorenzo-Toja et al., 2016; Machado et al., 2007; Piao, et al., Yildirim and 302 
Topkaya, 2012). Moreover, it was observed that the smaller the size of the conventional 303 
wastewater treatment plants, the higher the electricity consumption per cubic meter of 304 
treated water (Lorenzo-Toja et al., 2015). In this study, the high electricity consumption 305 
(1.26 kWh m-3) was the main responsible for the low environmental performance of the 306 
conventional wastewater treatment plant. These facts suggest that the smaller the size of 307 
the community, the more appropriate the nature-based solutions are, if compared to 308 
conventional wastewater treatment systems. 309 
In the case of the CW and HRAP scenarios, the life cycle was influenced by 310 
both the construction and operation phases. In regards to Fossil Depletion, Ozone 311 
Depletion, Terrestrial Acidification, Freshwater Eutrophication and Marine 312 
Eutrophication Potentials, the contribution of the construction and operation stages 313 
accounted for 25-35% and 35-65% of the total impact, respectively. On the other hand, 314 
Metal Depletion Potential was mainly affected by the construction phase (60-65% of the 315 
overall impact). Metal Depletion Potential strongly depends on non-renewable 316 
resources required during the overall life cycle. Since nature-based technologies have 317 
low raw materials requirements for their operation, the major impact was caused by 318 
resources consumption for the systems construction. Moreover, it has to be noted that 319 
the Metal Depletion Potential generated by the AS scenario was only 2 times higher 320 
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than that caused by the CW and HRAP scenarios. Indeed, despite nature-based systems 321 
for wastewater treatment comprise low-tech and low-energy processes, they require a 322 
large amount of raw material for their implementation (Table 3). It is due to the large 323 
land required for natural wastewater treatment systems to achieve the desired treatment 324 
efficiency (0.6, 3.5, 6 m2 p.e.-1 for the AS, CW and HRAP scenarios, respectively). This 325 
is in accordance with previous studies which observed that, in the case of constructed 326 
wetlands, the life stage with the greatest overall impact was the construction (Dixon et 327 
al., 2003; Fuchs et al., 2011; Machado et al., 2007). These authors also suggested that 328 
the construction impacts could significantly increase if materials for nature-based 329 
systems implementation were transported from a long distance or if systems and 330 
equipment had shorter operation lifetime than that estimated. With regards to the 331 
Climate Change Potential, construction and operation accounted for around 50% of the 332 
overall impact in the HRAP scenario. In the CW scenario, direct GHG emissions, 333 
construction and operation phases contributed equally to the overall impact. This fact 334 
highlighted the necessity of including gaseous emissions from the wastewater treatment 335 
process, as suggested by previous research (Corbella et al., 2017; Corominas et al., 336 
2013; Fuchs et al., 2011). Finally, in all scenarios sludge transportation and disposal had 337 
a slight impact (<5% of the total impact) on all considered impact categories, except for 338 
the Freshwater Eutrophication and Marine Eutrophication Potentials in which it 339 
accounted for around 15-20% of the overall impact. 340 
 341 
Please insert Figure 2 342 
3.2 Sensitivity analysis 343 
Table 4 shows the results of the sensitivity analysis. As mentioned above, N2O and CH4 344 
direct emissions in AS and CW scenarios only affect the Climate Change Potential; on 345 
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the other hands NH3 direct emissions in HRAP scenario only influence Terrestrial 346 
Acidification and Marine Eutrophication Potentials.  347 
 With regard to N2O direct emissions in AS and CW scenarios, the results 348 
showed that Climate Change Potential was not sensitive to this parameter (sensitivity 349 
coefficient = 0.02 and 0.007 for AS and CW scenarios, respectively). This means that a 350 
10% increase in N2O direct emissions would increase this environmental indicator by 351 
0.2% and 0.07% in AS and CW scenarios, respectively. 352 
 The Climate Change Potential showed to be sensitive to CH4 emissions in CW 353 
scenario (sensitivity coefficient = 0.35). Indeed, a 10% increase in CH4 emissions in 354 
CW scenario would increase Climate Change Potential by 3.5%.  355 
 Regarding to NH3 emissions in HRAP scenario, the Terrestrial Acidification and 356 
Marine Eutrophication Potentials showed to be somewhat sensitive to this parameter 357 
(sensitivity coefficient = 0.15 for both environmental indicators). Indeed, a 10% 358 
increase of this parameter would increase these indicators by 1.5%. 359 
 In conclusion, the results were found to be sensitive to CH4 direct emissions in 360 
CW scenario. However, since it affects only one of the impact categories considered 361 
(i.e. Climate Change Potential), it can be concluded that the main findings of this study 362 
are not strongly dependent on the assumptions considered. 363 
 364 
Please insert Table 4 365 
 366 
3.3 Economic assessment  367 
Table 5 shows the results of the economic analysis. With regard to capital costs, the 368 
high rate algal pond system (scenario HRAP) appeared as the less expensive alternative, 369 
followed by constructed wetland (scenario CW) and conventional wastewater treatment 370 
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(scenario AS) systems (Table 5). The AS alternative also presented the highest 371 
operation and maintenance cost. Moreover, the CW scenario showed a slightly lower 372 
operation and maintenance cost compared to the HRAP scenario. It was in accordance 373 
with the results obtained by Molinos-Senante et al. (2014), who carried out a 374 
sustainability analysis comparing conventional and nature-based technologies (e.g. 375 
activated sludge, constructed wetland, open ponds) for wastewater treatment in small 376 
communities (1,500 p.e.). 377 
The lower capital cost of the HRAP scenario might be mainly attributed to the 378 
easier construction and to the lower amount of materials needed compared to the CW 379 
and AS scenarios (Table 3). On the other hand, the higher operation and maintenance 380 
cost in AS and HRAP scenarios was mainly due to the higher electricity consumption 381 
(Table 3). Indeed, the energy consumption is a major contributor to the operational and 382 
maintenance cost of small scale wastewater treatment plants (<10,000 p.e.) (Gallego et 383 
al., 2008, Tsagarakis et al., 2003). 384 
On the whole, the conventional wastewater treatment system showed to be 385 
between 2 and 3 times more expensive than the nature-based technologies.  386 
 387 
Please insert Table 5 388 
 389 
3.4 Potential benefits of implementing nature-based solutions for wastewater 390 
treatment in small communities  391 
In accordance with the results obtained in this study, around 0.6 and 1.3 kgCO2 m-3 are 392 
generated by the construction and the operation of nature-based and conventional 393 
wastewater treatment systems, respectively (Figure 2). This means that, some 45 kgCO2eq 394 
p.e.-1 year-1 could be saved by implementing nature-based solutions instead of 395 
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conventional wastewater treatment plants (Table 6). In terms of costs, nature-based 396 
solutions implementation would save around 350 € p.e.-1 per system construction and 25 397 
€ p.e.-1 year-1 (Table 5). 398 
Nevertheless, systems footprint should be taken into account when land 399 
occupation is of major concern. Among nature-based technologies, constructed 400 
wetlands are the alternative which requires less land. Indeed, a specific area lower than 401 
2 m2 p.e.-1 is adequate for hybrid systems implemented in warm climate regions (Ávila 402 
et al., 2016). Still, conventional wastewater treatment systems have significantly lower 403 
footprint compared to all nature-based solutions (<1 m2 p.e.-1 vs. 2-6 m2 p.e.-1, 404 
respectively) (EC, 2001; Garcia and Corzo, 2008). 405 
 406 
Please insert Table 6 407 
 408 
4. Conclusions 409 
In this study, an LCA was carried out in order to compare three alternatives for 410 
wastewater treatment in small communities. Results showed that the potential 411 
environmental impact of the conventional wastewater treatment plant (i.e. activated 412 
sludge system) was between 2 and 5 times higher than that generated by the nature-413 
based systems, depending on the impact category. In particular, the constructed wetland 414 
and the high rate algal pond systems presented similar environmental performance.  415 
 In terms of costs, the conventional wastewater treatment system showed to be 416 
between 2 and 3 times more expensive than the nature-based technologies. Specifically, 417 
high rate algal pond system appeared as the less expensive alternative, being the most 418 
suitable solution from an economic point of view.  419 
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 On the other hand, constructed wetland system is more appropriate when the 420 
land occupation is of major concern, since it has a smaller footprint compared to the 421 
high rate algal pond alternative (3.5 vs. 6 m2 p.e.-1, respectively). 422 
Finally, constructed wetland and high rate algal pond systems are appropriate 423 
solutions for wastewater treatment in small agglomerations, which may help to reduce 424 
environmental impacts and costs associated with wastewater treatment. These facts 425 
partially offset the high specific area required for their implementation compared to 426 
conventional wastewater treatment plants.  427 
Regarding the future research needs, an environmental and economic analysis of 428 
full-scale systems should be carried out using data obtained during a long-term 429 
monitoring (e.g. systems lifespan, wastewater treatment efficiency, GHG emissions).  430 
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Table 1. Constructed wetland system characteristics and design parameters 573 
System characteristics Unit  
Inlet BOD5 concentration mgBOD L-1 240 
Inlet TSS concentration mgTSS L-1 280 
Outlet BOD5 concentration mgBOD L-1 <25 
Outlet TSS concentration mgTSS L-1 <15 
Flow rate m3 d-1 292.5 
Average daily wastewater flow rate m-3 p.e.-1 d-1 0.20 
Population equivalent p.e. 1,500 
Total surface area m2 5,350 
Specific area requirement m2 p.e.-1 3.5 
Design parameters Unit  
Organic Loading Rate (OLR)* gBOD m-2 d-1 20 
Hydraulic Retention Time (HRT) d 5 
Vertical constructed wetlands   
Number of vertical constructed wetland cells - 2 
Constructed wetland cell dimensions m (D×L×W) 0.8 × 125 × 15 
Horizontal constructed wetland   
Number of horizontal constructed wetland cells - 1 
Constructed wetland cell dimensions m (D×L×W) 0.6 × 40 × 19 
 574 
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Table 2. High rate algal pond system characteristics and design parameters  576 
System characteristics Unit  
Inlet BOD5 concentration mgBOD L-1 240 
Inlet TSS concentration mgTS L-1 280 
Outlet BOD5 concentration  mgBOD L-1 <25 
Outlet TSS concentration mgTSS L-1 <35 
Flow rate m3 d-1 292.5 
Average daily wastewater flow rate m-3 p.e.-1 d-1 0.20 
Population equivalent p.e. 1,500 
Total surface area m2 9,000 
Specific area requirement m2 p.e.-1 6 
Design parameters Unit  
Organic Loading Rate (OLR) gBOD m-2 d-1 6.5 
Hydraulic Retention Time (HRT) d 6 
Number of ponds - 2 
Channel width m 10 
Channel length m 375 
577 
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Table 3 Summary of wastewater treatment inventory for scenarios AS, CW and HRAP. Values 578 
are referred to the functional unit (1 m3 of water). 579 
Inputs Unit AS CW HRAP 
Construction materials   
Concrete and cement m3 m-3  3.11E-02 1.13E-04 3.49E-04 
Metals kg m-3  9.72E-03 2.43E-02 3.57E-02 
Coating (Bituminous coating and basalt) kg m-3 9.12E-02 4.73E-03 4.55E-03 
Plastics  kg m-3 8.30E-04 2.80E-03 7.89E-05 
Gravel and sand kg m-3 7.19E-02 7.82E-01  - 
Bricks kg m-3 - 1.66E-02  - 
Glass fibre kg m-3 - - 1.37E-04 
Operation   
Chlorine dioxide g m-3  1.20E+1 1.20E+1 1.20E+1 
Polyelectrolyte kg m-3 9.57E-04 1.53E-06 1.53E-06 
Coagulant kg m-3 1.13E-01 -  - 
Electricity kWh m-3  1.26E+00 2.20E-01 2.50E-01 
Outputs     
Waste   
Sludge kg m-3  1.35E-01 3.45E-01 3.45E-01 
Emissions to air (direct emissions)   
CO2 g m-3  1.70E-1 9.92E+2 - 
CH4 g m-3  - 1.09E+1 - 
N2O g m-3  1.10E-01 1.69E-02 - 
NH3 g m-3   -  - 3.30E-1 
  Scenarios: AS: conventional wastewater treatment plant; CW: constructed wetland system; HRAP: 580 
high rate algal pond system. 581 
 582 
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Table 4. Results of the sensitivity analysis for the considered parameters: N2O direct emissions 585 
in the AS and CW scenarios; CH4 direct emissions in the CW scenario, and NH3 direct 586 
emissions in the HRAP scenario.  587 
Parameters g m-3 water 
Impact categories 
Climate change Terrestrial 
acidification 
Marine 
eutrophication 
kg CO2 eq m-3 water kg SO2 eq m-3 water kg N eq m-3 water 
N2O emissions 
(scenario AS) 
0.099 1.27E+00 - - 
0.110 (base case) 1.27E+00 - - 
0.121 1.28E+00 - - 
CH4 emissions 
(scenario CW) 
9.810 6.67E-01 - - 
10.900 (base case) 6.92E-01 - - 
11.990 7.16E-01 - - 
N2O emissions 
(scenario CW) 
0.015 6.91E-01 - - 
0.017 (base case) 6.92E-01 - - 
0.019 6.92E-01 - - 
NH3 emissions 
(scenario HRAP) 
0.297 - 3.92E-03 1.18E-04 
0.330 (base case) - 4.00E-03 1.21E-04 
0.363 - 4.08E-03 1.24E-04 
Scenarios: AS: conventional wastewater treatment plant; CW: constructed wetland system; HRAP: high 588 
rate algal pond system. 589 
 590 
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Table 5. Capital, operation and maintenance costs and cost saving due to the implementation of 593 
CW and HRAP vs. AS. 594 
  Unit AS CW HRAP 
Capital cost € p.e.-1 540.93 210.36 164.14 
Operation and maintenance cost € m-3
 
0.79 0.40 0.42 
Capital cost reduction € p.e.-1 - 330.57 376.79 
Operation and maintenance cost reduction € m-3 - 0.39 0.37 
  € p.e.-1 year-1 - 27.76 26.33 
  Scenarios: AS: conventional wastewater treatment plant; CW: constructed wetland system; HRAP: 595 
high rate algal pond system. 596 
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Table 6.  CO2 emissions saving due to the implementation of CW and HRAP vs. AS. 598 
  Unit AS CW HRAP 
CO2 emissions kgCO2 eq m-3 1.27 0.69 0.57 
kgCO2 eq p.e.-1 d-1 0.25 0.13 0.11 
CO2 emissions reduction kgCO2 eq p.e.-1 d-1 - 0.11 0.14 
  kgCO2 eq p.e.-1 year-1  - 41.36 50.22 
Scenarios: AS: conventional wastewater treatment plant; CW: constructed wetland system; HRAP: high 599 
rate algal pond system. 600 
 601 
 602 
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 605 
 606 
a) 607 
 608 
 609 
b) 610 
 611 
 612 
c) 613 
 614 
Figure 1. Flow diagrams of the treatment alternatives: a) conventional wastewater treatment 615 
plant (AS); b) constructed wetland system (CW); c) high rate algal pond system (HRAP) 616 
 617 
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Figure 2. Potential environmental impacts for the three wastewater treatment alternatives. Values are referred to the functional unit (1 m3 of water). 
Scenarios: AS: conventional wastewater treatment plant; CW: constructed wetland system; HRAP: high rate algal pond system. 
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